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ABSTRACT 

We present a study of large-scale bars in the local Universe, based on a 
large sample of ~ 3692 galaxies, with —18.5 < Mg < —22.0 mag and red- 
shift 0.01 < z < 0.03, drawn from the Sloan Digitized Sky Survey. While most 
studies of bars in the local Universe have been based on relatively small sam- 
ples that are dominated by bright galaxies of early to intermediate Hubble types 
with prominent bulges, the present sample is ~ 10 times larger, covers a larger 
volume, and includes many galaxies that are disk-dominated and of late Hubble 
types. Both color cuts and Sersic cuts yield a similar sample of ~ 2000 disk 
galaxies. We characterize bars and disks by ellipse-fitting r-band images and 
applying quantitative criteria. After excluding highly inclined (> 60°) systems, 
we find the following results. (1) The optical r-band fraction (/opt-r) of barred 
galaxies, when averaged over the whole sample, is ~ 48% — 52%. The bars have 
diameters c? of 2 to 24 kpc, with most (~ 72%) having ~ 2 to 6 kpc. (2) When 
galaxies are separated according to half light radius (rc), or normalized re/R2A, 
which is a measure of the bulge-to-disk {B / D) ratio, a remarkable result is seen: 
/opt-r rises sharply, from ~ 40% in galaxies that have small re/-R24 and visually 
appear to host prominent bulges, to ~ 70% for galaxies that have large Ve/ R24: 
and appear disk-dominated. Visual classification, performed for ~ 900 galaxies, 
confirms our result that disk-dominated galaxies with no bulge or a very low B/D 
display a significantly higher optical bar fraction (> 70% vs 40%) than galaxies 
with prominent bulges. It also shows that barred galaxies host a larger frac- 
tion (31% vs 5%) of quasi-bulgeless disk-dominated galaxies than do unbarred 
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galaxies. (3) /opt-r rises for galaxies with bluer colors (by ~ 30%) and lower 
masses (by ~ 15% — 20%). (4) The significant rise in the optical bar fraction 
toward late-type galaxies is discussed in terms of their higher gas mass fraction, 
higher dark matter fraction, and lower bulge-to-disk ratio. (5) While hierarchi- 
cal ACDM models of galaxy evolution models fail to produce galaxies without 
classical bulges, our study finds that ~ 20% of disk galaxies appear to be "quasi- 
bulgeless" . (6) Our study of bars at z ~ in the optical r-band provides the 
2-0 comparison point for HST ACS surveys (e.g., GEMS, GOODS, COSMOS) 
that measure the rest-frame optical bar fraction in bright galaxies out to z ~ 1. 
After applying the same cutoffs in magnitude, bar ellipticity (cbar > 0.4), and 
bar size (obar > 1.5 kpc), which are applied in z ~ 0.2 — 1.0 studies in order to 
trace strong bars with adequate spatial resolution in bright disks, we obtain an 
optical r-band bar fraction of 34%. This is comparable to the value reported at 
z ~ 0.2 — 1.0, implying that the optical fraction of strong bars does not suffer a 
dramatic order of magnitude decline in bright galaxies out to z ~ 1. 

Subject headings: 



1. Introduction 

The majority 60%) of bright disk galaxies are barred, when observed in the near- 
infra r ed (Knapen 1999 : Eskridge et ahlboOO : Laurikainen et al. 2004; Menendez-Delmestre et al 
20071 : iMarinova fc Joged 120071 . here after MJ07) and a si gnificant fraction of these (~ 45%) 
also appear barred in the optical (lEskridge et al.l l2000l . MJ07). Earlier studies suggested 
a striking or order o f magnitude decline in the optical fraction of bars out to z ~ 1 
([Abraham et al.l Il999l : Ivan den Bergh et al.l 120001 ). but subsequent studies have ruled out 
an order of magnitude decline and find that the optical f raction of strong bars remains fairly 
constant or show a mode rate decline of a factor of ~ 2 (jjogee et al.ll2004j ; lElmegreen et al. 
2004al : Izheng et allboO.j Sheth et al. 2003,2004,2007; see §[6]). 



Bars are believed to be very important with regard to the dynamical and secular evo- 



and dark matter components of disk galaxies ( 


Combes & Sanders 


1981 




Weinberg 


1985; 


Combes et al. 


1990: 


Debattista & Sellwood 


2000) 


. The interaction between the bar and the 



disk material can l ead to the inflow of gas from the outer disk to the central parts, which can 
trigg e r starbursts (lElmegreenI Il994j : iKnapen et al.lll995l : iRegan &: Teubenll2004j : IJogee et al. 



2005 



Sheth et al. 



20051) and might contribute to the for r aation of disky bulg e s (or 'pseu- 



dobulges', iKormendyl Il993l : iKormendy &: Kennicuttll2004j : lAthanassoula I l2005l : IJogee et al. 
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20051 : iDebattista et al.ll2006l ). Additional evidence for secular evolution is provided by box- 
or peanut- shaped bulges in inclined galaxies. These features are commonly at tributed to the 



orbital structure, resonances, arid vertical instabilities in a barred potential ( Combes et al. 



1990l : iKuiiken fc Merrifieldlll995l : Bureau fc Freemanlll999l : Bureau fc Athanassoulal l2005[ ) 



From a theoretical perspective, it is possible to model some aspects of the evolution 
of disks and bars, and their interactions (e.g., the corresponding simulations are able to re- 
produce certain broad features of barred disks). However, it remains unclear why a specific 
galaxy has a bar, but a seemingly similar galaxy is unbarred; or why some barred galax- 
ies have a classical bulge, whereas others harbor a disky bulge, etc. This might indicate 
that specific properties of the disks or the particular processes involved in their formation 
have a strong impact on their ability to form a bar. In order to investigate, how disk 
and bar formation are related, it is not only important to determine the fraction of disk 
galaxies that are barred, but also to relate bar and disk properties. There are different 
methods to find and chara cterize bars. The Third Reference Catalog of Bright Galaxies 
( Ide Vaucouleurs et al.lll99ll . hereafter RC3) uses three bar strength families (SA, SAB, and 
SB) to characterize bars based on a visual inspection of blue light images. Using this classi- 
fication lOdewahnI (119961 ) showed that the optical fraction of strong bars in disk galaxies rises 
from Sc galaxie s towards later-types. More quantitative rneasures, such as t he gravitational 



torque method ([Block et a 



section ( IButa et al. 



2006 



2002 



Laurikainen et al.ll2002l : Buta et al.ll2005l ). or Fourier dis- 



Laurikainen et al.l 120061 ) . were also used, not only to find bars. 



but to quantitatively determine bar strengths and bar lengths. Similarly, the method of 



fitting ellipses to galaxy isophotes 


provides a tool to c 


larac 


;erize the length and shape of 


bars ( 


Friedli et al. 


1996: Joeee et al. 


1999; 


Knapen et al. 


2000 


: Sheth et al. 


2000: Laine et al. 


2002; 


Whvte et al 


.1 2OO2I: Joeee et al. 2002a bl: Sheth et al. 


2OO3I: Elmeereen et al. 2004a: 


Reese et al.lboO?: I 


Vlarinova & Joeee 


2OO7I; 


Menendez-Delmestre et al.ll2007 


Sheth et al. 2007) 



These efforts were able to shed light on the fraction, shapes, and structures of bars in 
local disk galaxies of early to intermediate Hubble types. First attempts were made to relate 
the presence of a bar or its structural properties to other galaxy characteristics. However, 
there were three important limitations. Firstly, samples used in earlier studies were small 
(~ 100 to 200 objects) and mostly composed of bright galaxies of early to intermediate 
Hubble types (Sa to Sc), with fairly prominent bulges. One could barely get decent number 
statistics for bars in early-type disk galaxies, while the bins of disk-dominated late Hubble 
types were dominated by Poisson noise (e.g., see Figure 16 in MJ07). Secondly, with such 
small samples, it was difficult to bin galaxies in terms of the galaxy host properties. Thirdly, 
earlier samples were drawn from a very small volume, and could be highly impacted by 
cosmic variance. 
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In the present study, we use a sample of ~ 2000 galaxies, at z = 0.01 — 0.03 with 
Mr ~ —18.5 to —22.0 mag. The first advantage of this study is that it provides a factor of 
10 improvement in number statistics and reduces the effect of cosmic variance by selecting 
galaxies drawn from a larger volume. Secondly, with ~ 2000 galaxies, we can for the first time 
have 100 — 200 galaxies per bin, while binning galaxies in terms of host galaxy parameters, 
such as luminosity, measures of bulge-to-disk (B/D) ratios, size, colors, surface brightness, 
etc. This allows us to conduct a comprehensive study of barred and unbarred galaxies as 
a function of host galaxy properties. Thirdly, our sample has a large number of galaxies, 
which are relatively faint {Mg > —19.5 mag) or/and appear disk-dominated, characteristic 
of late Hubble types. This allows us to shed light on what happens to bars at the fainter 
end of the luminosity function and in the regime of disk-dominated galaxies. 

A fourth goal of our study is to provide a reference baseline for bars at 2; ~ in the 
rest-frame optical for intermediate redshift HST surveys usi ng the Advanced Camera for 
Surveys (ACS), such as the Tad pole field [ITran et al.ll2003l ). the Galaxy Evolution from 
Morphologies and SEDs fGEMS. iRix et al.l |2004| ). the Great Observatories Origins Deep 
Survey (GOODS. Iciavalisco et al.ll2004h . and COSMOS jScoville et al.lboonh . which trace 
bars in the rest-frame optical band at 2; ~ 0.2 — 1.0 (look-back times of 3-8 Gyr). We use 
SDSS to provide the reference point at 2; = in the r-band, complementing the one in the 
5-band of MJ07. Our B- and r-band results can be directly compared to HST ACS optica l 
studies of bars in bright disks at 2 ~ 0.2 — 1.0 ( lElmegreen et al.ll2004al : iJogee et al.ll2004j ). 
The validity of this comparison is reinforced by the fact that we use the same procedure 
of ellipse fits (§ E]) that were used by t hese studies. We also note that t he reference z = 
point for bars in the near-infrared band (IMenendez-Delmestre et al.ll2007l ) is not appropriate 
for comparison with the above HST ACS surveys, which trace the rest-frame optical rather 
than the rest-frame near-infrared. 



The outline of the paper is as follows: In § [2] we present our sample selection. The 
method used to find and characterize bars is explained in §[3l In §|l]we discuss the detection 
limits. Our results and more detailed assessments of specific findings are presented in § [51 
We discuss our results in § [6] and summarize our conclusions in § [71 Throughout the paper 
we assume a flat cosmology with Qm = 1 — = 0.3 and Hq = 70 km s~^ Mpc~^. 



2. Sample selection 



Our sample of local disk galaxies is drawn fro m the low-redshift catalog of the New 
York University Value-Added Catalog fNYU-VAGC. Isianton et aPboOsh . The NYU-VAGC 
is based on the second data release of SDSS, which is acquiring ugriz CCD imaging of 10^ 
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deg^ of the northern Galactic sky and selecting 10^ targets for spectroscopy, most of them 
galaxies with r < 17.77 mag (lAbazajian et al.ll2004l ). The low-redshift catalog consists of 
28089 galaxies at distances of 10-200 Mpc (0.0033 < z < 0.05), which have been determined 
by correcting for peculiar velocities. For each galaxy, background subtracted and deblended 
images in ugriz as well as individual PSF-frames are available. 

We selected galaxies in the redshift range 0.01 < z < 0.03, having Mg < —18.5 mag. The 
typical seeing (1'.'4) corresponds to 290 to 840 pc over 0.01 < z < 0.03. This is adequate for 
resolving large-scale bars, which are the focus of this study. Large-scale bars have diameters 
> 2 kpc and their lengths encompass at least 2.5 independent PSFs, allowing them to be 
resolved and fitted. We note that bars with diameters below 2 kpc or semi major axis 
ahnr < 1 kpc are typically considered as nuclear rather than large-scale bars fiLaine et al. 



20021 ) . Nuclear bars are not the focus of this study and are excluded from our results. 
Hence, it is not a source of concern, if some of them are unresolved by the data. The 
selected sample is complete down to Mg < —18.5 mag in the chosen redshift range and 



consists of 3692 objects. The magnitude distribution covers Mr 
(Figure [I]). 



-18.5 to -22.0 mag 



We use the GALFIT ( jPeng et al.ll2002l ) software to perform single component Sersic fits 
of the form 



Eg exp 



-K \ \ — 



l/n 



to the 2D-images, which provide Sersic indices {n) and half-light radii (re) for the galaxies. 
Eg is the pixel surface brightness at and k is a dependent variable and coupled to n. 

The optical bar fraction is defined as the sample of disk galaxies that host large-scale 
bars, hence we must first define a sample of disk systems. There are two common methods 
to separate disks and elliptical galaxies. For giant galaxies, the first method is to use the 
Sersic index frorn single cornponent fits and define giant disk galaxies to have n < 2.5 (e.g. 
Joeee et all 120041 : ISell et al.ll2004bl : ISarden et all l2005h. The second method is to apply 



a color cut defin ed in color-magnitude space (e.g. iBell et al.l l2004bl : iMcIntosh et al.l 12005 



Wolf et al.ll2005l ). assuming that disk galaxies are predominantly bluer, star- forming systems. 
Both methods have limitations. The color cut may miss out disk systems that are red due 
to the presence of a dusty starburst. The Sersic cut may be contaminated by some bright 
and rather blue dwarf ellipticals and miss out certain galaxies with point-like AGN sources. 
We apphed both methods to our sample as illustrated in Figure [1] and [2l The corresponding 
disk samples have an overlap of ~ 85% (Figures [2] and [3]). In Figure [2] the color-selected and 
Sersic-selected samples are plotted in the g—r versus n plane, with the color-selected galaxies 
in blue, and the good overlap is evident. Figure [3] shows the similar magnitude distributions 
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of the color-selected and Sersic-selected disk samples from SDSS. Figure [3] also illustrates 
a crucial property of the SDSS disk sample. The sample covers a magnitude range of ~ 3 
mag, but is clearly dominated by fainter galaxies (M^ = —18.5 to —20.0 mag). Furthermore, 
visual inspection shows that a large fraction of these galaxies seems to be disk-dominated, 
with little or no bulge visible. We do not have Hubble types for these SDSS galaxies, but 
these characteristics are typical of late type galaxies (Sd, Sm). This is a crucial point and 
has to be kept in mind for the discussion of the results presented below. As discussed in § 
dl such galaxies are underrepresented in most studies of bars in local disk galaxies carried 
out to date. As an illustration, the mag nitude distribution in My of spirals in the OSU 
Bright Spiral Galaxy Survey (OSUBSGS, lEskridge et al.ll2002l ) is ove rplotted in Fig ure 



This sample is of t en used as a reference sample for ba rs at z = (e.g. lEskridge et al. 



Block et al.ll2002l : IWhvte et al.ll2002l : iButa et al.ll2005l . MJ07). 



ire [3] 
200o[ : 



We finally opted for the color cut, since the contamination oi n < 2.5 objects in the 
sample is slightly smaller than the fraction of red sequence galaxies in the sample defined 
by n < 2.5 We applied the color cvXU -V < 1.15 - 0.31;z - 0.08(My - 51og(/i) + 20) 
(iBell et al.ll2004al ). where h = Hq/IOO and = 0.7 is used in this paper. This cut is parallel 
to the red sequence in the color-magnitude diagram and stems from an empirical fit to 
the evolution of the color-magnitude relation for galaxy clusters at different redshifts. It 
therefore corresponds to a definition of the red sequence based on a number of nearby and 
distant clusters, but shifted by 0.25 mag to the blue. The color-magnitude diagram for our 
sample is shown in Figure [H The solid line indicates the color cut. The resulting sample of 
disk galaxies contains 1961 objects. 

The sample in this paper only includes galaxies in the redshift range 0.01 < z < 0.03. 
For completeness, we mention that the analysis outlined in § [5] has also been performed on 
the 1890 galaxies in the redshift range z = 0.03 to 0.04, and yields essentially the same 
results. We did not include these galaxies in the sample of this paper because the seeing at 
z ~ 0.04 (1'.'4 or 1.1 kpc) is in the limiting range where we can still resolve large-scale bars 
of diameter > 2 kpc, but the fit may not be as robust. 



3. Characterization of bars and disks 



The method used to find and characterize bars in disk galaxies is based on fitting el- 
lipses to the isophotes on the r-band images of our sample galaxies, along with a set of 
quantitative criteria outlined below. We opted for the r-band, because it provides deeper 
images than observations in the other SDSS filters. Many o bservational studies have used 



and refined the method of fitting ellipses to characterize bars (IFriedli et al.lll996l : iJogee et al. 
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1999; 


Knapen et al. 


2000; 


3heth et al. 


2000; 


Laine et al. 


2002; 


Whvte et al. 


2002; 


Joeee et al. 


2002a 


b 


Sheth et aliboOS: 


Elmeereen et al.ll2004a: 


Reese et al.ll2007 


Marinova & Joeee 


2007 


Menendez-Delmestre et al 


2007: 


Sheth et al. 


200" 


0. There is 


also a strong body of theoret- 



ical evidence ( lAthanassoulal Il992al; IShen fc Sellwood 1200J) supporting this approach, as 
outlined in MJ07. In particular, lAthanassoula Jl992ah studied orbits in analytic potentials 
of barred galaxies and showed that generalized ellipses are a good representation of the main 
bar-supporting stellar orbits. The departure of ellipses fitted by the IRAF task 'ellipse' from 
these generalized ellipses is characterized by the value of the harmonic amplitudes A3, B3, 
A4, and B4, and we find that they are small (typically < 10%). 

When us ing ellipse fi t s to characterize bars and disks, we use the meth od and steps 
developed by IJogee et al.l (120041 ) and described in detail in (jjogee et al.ll2004l . and MJ07). 
In the following, we give a short description. We use the standard task 'ellipse' to fit ellipses 
to the images out to a certain radius Omax, which is determined to be the radius where the 
galaxy isophotes reach the sky level. An iterative wrapper is used to run 'ellipse' up to 
300 times for each object in order to get a good fit across the whole galaxy. We performed 
ellipse fits for the subsample of 1961 disk galaxies defined by the color cut. For 101 (~ 5%) 
galaxies, no ellipses could be fitted, mainly due to the fact that the fitting routine could not 
find the galaxy center. This is typically the case for strongly disturbed galaxies, or on images 
where a foreground object was not properly removed. In both cases, the surface brightness 
of the galaxies is not steadily decreasing from the center toward larger radii, but is rather 
oscillating between higher and lower values impeding a proper ellipse fit. The remaining 1860 
galaxies have then been classified in the way described below. From the best fit for each 
galaxy, we plot the associated radial profiles of surface brightness (SB), ellipticity (e), and 
position angle (PA). Furthermore, the fitted elhpses are overplotted onto the galaxy images 
to generate overlays. Examples of the radial profiles and the overlays are shown in Figures 
miHl and [71 During the classification process, the plots, the images, and overlays of the fitted 



ellips es onto the images, are displayed using an interactive visualization tool (jJogee et al. 



20041 ). and used to classify a galaxy as 'inclined', 'barred', or 'unbarred'. We use the ellipticity 
in the outer disk to estimate the inclination i. We adopt the standard procedure of excluding 
all objects with an inclination i > 60°, as morphological and structural analysis are unreliable 
in highly inclined galaxies. Figure H] shows an example of such a case. We find 648 galaxies 
(~ 35%) with i > 60°. In Figure [5] we show the luminosity and color distributions of the 
galaxies with i > 60° compared to the ones with i < 60°. The distributions in terms of 
absolute magnitude are very similar, whereas the more inclined galaxies tend to be redder 
than the more face-on objects. This is expected due to the dust extinction in the disks. 

In the next step, we classify the galaxies with i < 60° as unbarred or barred, based on 
the following quantitative criteria: (1) the ellipticity increases steadily to a global maximum 
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greater than 0.25, while the PA value remains constant (within 10°), and (2) the ellipticity 
then drops by at least 0.1 and the PA changes at the transition from the bar to the disk region 
(Figures inland [7] show examples of a barred and unbarred galaxy, respectively). Criterion (1) 
is based on th e fact that in the region where bars are d ominated by the 'xi' family of periodic 
stellar orbits (IContopoulos fc Papayannopouloslll980l ). we expect the ellipses to be ahgned 
along the bar PA and to become increasingly eccentric toward the end of the bar. Therefore, 
the ellipticity should reach a global maximum and the PA should not fluctuate strongly. 
This is intuitively evident from the fact that bars appear morphologically as linear elliptical 
features centered on the galaxy. The requirement that the PA must remain constant in the 
bar region is important for excluding other features, such as spiral arms that may have a high 
global ellipticity. Criterion (2) is applied, because the disks are mostly more circular than 
the bar for moderately inclined galaxies and the disk and bar have different PA in general. 
After having classified a galaxy, we use the interactive display tool to measure the elhpticity, 
PA, and semi-major axis of its outer disk. For galaxies classified as barred we measure the 
same quantities, as well as the maximum ellipticity, Cbar, of the bar and the radius, Tmaxe, of 
maximum bar ellipticity. We use Cbar as a partial measure of the bar strength and the radius 
f'maxe cLS an estimate for the semi-major axi s of the bar. A deta iled theoretical and empirical 
justification of this approach is provided in lJogee et al.l (l2004l ) and MJ07. 



Some of the galaxies exhibit all features required to be classified as barred, except the 
'constant PA' criterion, i.e. their PA twists. These galaxies are classified as 'twisted', but 
regarded as unbarred. However, some of these galaxies could be weakly barred, since in weak 
bars the dust lanes on the leading edge of the bar are curved (lAthanassoulal Il992bl ) . which 
could cause an isophotal twist. The number of such objects is not very high (~ 7%) and 
therefore they do not significantly affect the results. 

We note that the classifications and the measurements of sizes, ellipticities etc. are 
performed on the observed images and profiles, which are affected by projection effects. We 
did not attempt to deproject our galaxies, since it is difficult to determine the PA in the 
outer disks accurately enough, in order to obtain a reliable deprojection. This is particularly 
true for disks with ellipticities Cdisk < 0.2, for which the uncertainty of the PA determina- 
tion can reach up to 30-40 degrees in our data. Furthermore, MJ07 have shown that the 
statistical results before and after deprojecting their galaxies are very similar. Finally, we 
note that our undeprojected results can be directly compared with studies of barred galaxies 



at intermediate redshif t s, where deprojec tion has not been carried out (jjogee et al.l 12004 



Elmegreen et al.ll2004al : IZheng et al. 



20051). 



Out of our sample of 1860 disk galaxies, we find 553 to be barred, 591 to be unbarred 
(including 76 classified as twisted), and 648 to be too inclined (z > 60°). We did not classify 
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the remaining 68 galaxies for the following reasons. For 30 galaxies, the ellipse fits obviously 
failed or the profiles were extremely messy: this occurred, when foreground/background 
objects are not completely removed or for galaxies, with very low surface brightnesses and 
very irregular shapes. The other 38 galaxies were ambiguous cases where deprojection might 
make a large difference. Specifically, in these galaxies, the ellipticity rises smoothly to a local 
maximum while the PA stays relatively constant, but this maximum ellipticity is less than 
that of the outer disk. In such cases, deprojection may turn the local maximum into a global 
maximum, particularly if the bar is perpendicular to the line of nodes. These objects are 
further discussed in § HI 

In Table [1] we give the median values of the basic properties for the barred, unbarred, 
inclined, and unclassifiable objects. 



4. Detectability of bars 

When using optical images, the obscuration of bars by dust and star formation can 
prevent their unambiguous detection. Comparing the results of quantitative bar studies con- 
ducted in the optical and in the near-infr ared, shows that the NIR bar fraction can be a factor 



of_~ 1.3 higher than in the optical (e.g. iMarinova fc Joged 120071 : iMenendez-Delmestre et al. 



20071 ). It is therefore clear that we miss bars due to dust extinction and that our bar fraction 
has to be considered as a lower limit. Furthermore, our results can only be compared to 
studies, which have also been performed using observations in the optical. 

Apart from dust, the ability to detect a bar in a galaxy depends on its distance, its 
inclination, the angle 6 between the line of nodes and the PA of the bar, as well as on 
the point spread function (PSF) or seeing of the images used. We discuss each of these 
factors below. The largest allowed inclination in our sample is i = 60°. When computing 
the smallest measurable bar diameter d^[^, we assume that a bar is detectable only if its 
diameter can encompass at least 2.5 times the PSF (1'.'4) of the images. The median seeing 
or PSF of the r-band images from SDSS is 1'.'4, which corresponds to ~ 290 pc at z = 0.01 
(our lower redshift limit) and to ~ 840 pc at 2; = 0.03 (our upper redshift limit). If a bar, 
which would be detectable in a face-on disk, happens to be perpendicular to the line of 
nodes in an inclined disk (i.e. 9 = 90°), projection effects will reduce its apparent length 
and ellipticity compared to the intrinsic value, and this length may fall below the detection 
limit. For values of 6 below 90°, these effects are less severe. 

The variation of the detection limit dmin as a function of 6, i, and z is shown by the 5 
diagonal lines in Figure [Hi The horizontal line corresponds to the minimum bar diameter (2 
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kpc) of large-scale bars, and ideally, we want the detection limit to lie below this line at all 
redshifts. The two solid diagonal lines indicate the detection limits as a function of redshift 
for two different inclinations {i = 40° and i = 60°) and the worst case scenario of ^ = 90°. 
In that case, with i = 40° and 6 = 90°, we start missing the smallest large-scale bars at 
z > 0.02. The two dashed diagonal lines on Figure [8] represent the detection limits for a 
more moderate 6 of 30°. In that case, with i = 40° and 6 = 30°, we start missing the smallest 
large-scale bars at z > 0.027. Finally, the dotted diagonal line on Figure [8] represents the 
face-on case {i = 0°) where, independent of 9, bars with diameters > 2 kpc are detectable 
out to 2; = 0.03. 

In Figure [9], we plot histograms of the absolute bar diameters in three different redshift 
bins and for the whole sample (the bin boundaries have been chosen in order to obtain 
roughly the same number of objects per bin). The vertical lines indicate our bar diameter 
limit of 2 kpc. Figure [9] shows that we do not miss significant numbers of small bars with 
increasing redshift. We find roughly the same number of bars with 2 < d^[^ < 3 kpc in the 
lowest and in the highest redshift bins. 

In order to gauge the impact of projection effects on the derived bar ellipticities, we plot 
the distributions of barred and unbarred galaxies as a function of disk ellipticity in Figure 
[TOh . The cutoff at disk ellipticities (cdisk) at 0.5 is due to the fact that highly inclined disks 
with i > 60° are discarded from our sample (§ [3]). As Cdisk varies from to 0.5, the total 
number of barred objects decreases only slightly at Cdisk ^ 0.3. This fall could be attributed 
to two related factors. For a feature to be classified as a bar, our criterion (1) in § [3] requires 
its maximum ellipticity to reach a global maximum, which is higher than the ellipticity Cdisk 
of the outer disk. At high inclinations, where Cdisk is high, this criterion may not be satisfied 
even if the feature is truly a bar. Some of the 38 'unclassifiable' galaxies that we discussed 
at the end of § [3] fall in this category. A second factor is that if 6 is close to 90°, then at 
high inclination i or Cdisk, the bar ellipticity is lowered significantly, making it fail criterion 
(1). However, it is clear from Figure [TOk. that the number of bars we might miss in the two 
highest ellipticity bins (e > 0.3) is not very high. 

The distribution of bar ellipticities (cbar) in disks of different ellipticities (cdisk) is shown 
in Figure [TUb. The vertical line at Cdisk = 0.5 indicates the exclusion of highly inclined disks. 
The diagonal solid line is defined by Cdisk = Cbar- All detected bars lie to the left of this line, 
reflecting the criterion (1) that the bar ellipticity Cbar niust be a global maximum. We note 
that the maximum Cbar is similar at different Cdisk, indicating that the detection of strong 
bars is not biased to the more inclined disks. 

In the next sections, we perform checks to verify that the results presented are not 
dominated by the afore-discussed detection limits. We verify, for instance, that the results 



- 11 - 



over 0.01 < z < 0.03, also hold in the lower redshift bins 0.01 < z < 0.02. We also verify 
that derived properties of bars hold for bars with a wide range of diameters, and are not 
biased by the smallest large-scale bars with diameters close or slightly higher 2 kpc, since 
the latter bars are more susceptible to detection problems. 



Results 



5.1. The globally-averaged optical bar fraction and bar properties at z ~ 

As noted in § [21 our sample includes both bright early-type galaxies with bulges, and 
many disk-dominated galaxies of late Hubble types, while samples in earlier studies (e.g 



Eskridge et al.ll2000l : lElmegreen et al.ll2002l : iLaurikainen et al.ll2005l . l2006l : iButa et all 12006 
MJ07) were dominated by the former group of galaxies. In § 15.21 we will investigate the 
bar properties as a function of different galaxy types, but for now, we begin by estimating 
globally-averaged properties across our full sample. 

The optical r-band bar fraction is defined as the fraction of disk galaxies with i < 60° 
that host large scale bars, measured on optical images. We find 553 bars among 1144 
moderately inclined disk galaxies. Hence, the optical r-band bar fraction, averaged over our 
sample, which is biased toward late-type disk dominated galaxies, is ~ 48%. This number 
could be a lower limit, due to missing weak bars with isophotal twists. As discussed above 
we found 76 objects with these characteristics , whic h represent ~ 7% of the sample. Our 
result is in good agreement with lAguerri et al.l (120071 ). who found an optical r-band fraction 
of ~ 45%, which is also based on SDSS. As stated in § [H the optical bar fraction is a lower 
limit to the total bar fraction as the optical images miss bars obscured by dust and star 
formation. Such bars can be detected in the near-infrared and recent studies show that the 
near-infrared bar fraction is ~ 15% higher than the optical bar fraction, or around ~ 60% 



(MJ07, ILaurikainen et al.ll2004l : iMenendez-Delmestre et al.l 120071 ). 



Figure [TTk shows the distribution of bar semi-major axis lengths for the 553 bars in our 
sample. We find 37 bars with a semi-major axis < 1 kpc, which are commonly considered 
as nuclear bars, and the remaining are 516 large-scale bars. We exclude the 37 nuclear bars 
in the following plots and discussions, which affects the optical bar fraction by only ~ 1%. 
Most large scale bars (~ 72%) have sizes in the range 1 to 3 kpc (Figure ITTb). We find 
relatively few bars with sizes > 5 kpc. The median bar size of the sample is 2.2 kpc. 

The distributions of bar ellipticities is shown in Figure [TTb . The majority of bars have 
ellipticities in the range 0.3 to 0.7. In general, the distribution is in good agreement with 
the corresponding if-band results of MJ07. We do not find any strong relation between 
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bar ellipticity and absolute magnitude (Figure fTTH). or between bar length and absolute 
magnitude (Figure [TTb). However, as discussed in § 5.4, the maximum ellipticity or bar 
strength is on average higher in faint quasi-bulgeless galaxies than in galaxies with bulges 
(see Figure fTSH). 

In order to be able to normalize the bar size, we determine the isophotal radius, at which 
the surface brightness reaches 24 mag/arcsec^ (-^24)- Since we are using r-band images, this 
radius corresponds roughly to R25, the radius, where the i?-band surface brightness reaches 
25 mag/arcsec^. In Figure [T^ we plot i?24 versus the bar size. There is no strong correlation 
between these two parameters, however, the bar length is typically much smaller than R24. 
Figure [T2b shows the ratio abar/R2i versus the absolute g-hand magnitude. Most objects 
hav e values in the range 0.2 to 0.4 (median 0.32), which is consistent with the results of MJ07 
and lErwinI (120051 ). Theory predicts that the bar ends between the 4:1 and the corotation 
resonance (CR). Furthermore, studies of the pattern speeds of bars suggest that the bar ends 
very near the CR, as they find that the ratios between the bar lengt h and the CR are in 
the range 0.7 to 0.9 (lAguerri et al.ll2003l : iDebattista fc Williamsll2004l ). If these values are 
representative, then our result that abar/ R2i is primarily well below 1, suggests that the CR 
lies well inside i?24 in most disks. 



5.2. The optical bar fraction as a function of half-light radius, re/-R24? 

luminosity, and color 

The large number of disk galaxies in our sample allows us to perform for the first 
time a statistically significant study of the dependence of the bar fraction on other galaxy 
properties, such as luminosity, measures of bulge-to-disk {B / D) ratios, size, colors, surface 
brightness, etc. In effect, we can bin the data as a function of different parameters with up 
to 100 galaxies in each bin. We note that this was not possible in earlier studies, which have 
total sample sizes of < 250 galaxies. Our study can therefore help to understand, which 
galaxies are more likely to form or maintain a bar and how the presence of a bar relates to 
the evolution of a galaxy. 

For all the results presented in this paper, we omit objects with half light radii < 2 
kpc. As we will show in § 15.41 this regime is strongly contaminated by non-disk galaxies, 
such as dwarf spheroidals. Without these galaxies the optical r-band fraction is 52%. In 
Figure [13] we show the optical r-band bar fraction (/opt-r) as a function of specific galaxy 
properties. In all panels the numbers next to the points indicate the total number of objects 
in the corresponding bins. The dashed lines indicate the total optical bar fraction (52%). 
We only plot bins with more than 10 objects. 
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Figure [T3b shows the optical r-band bar fraction as a function of the half-hght radius 
(re) derived from the single-component 2D Sersic fit (§ E]). The radius rg encloses half 
of the total light of the galaxy and is a measure of the central light concentration of the 
galaxy. Figure [T^ shows that the optical bar fraction rises steadily, from ~ 40%-50% in 
galaxies with small re (2-3 kpc) to ~ 60% for galaxies with large re (> 4 kpc). At a given 
luminosity, galaxies with a large bulge-to-disk (B/D) ratio typically have a smaller than 
disk-dominated galaxies with no bulge or only a very low B/D. At this point, one may 
be tempted to ask whether the drop in the optical r-band bar fraction in Figure [T^ . as 
drops from 4 to 2 kpc, is due to the bar being too small to be detected. This is not the case 
because is not equivalent to the size of the disk or bar component. In particular, galaxies 
with a large B/D and low Vc may have an extended disk and a large bar. This is shown in 
Figures [T^ and [Hb, where is plotted against the bar semi major axis Obar for 2 redshift 
bins. It is evident that for re ~ 2 to 4 kpc, Obar ranges from 1 to 5 kpc, and is easily resolved. 
Thus, the trend in optical bar fraction with re in Figure [T3b seems to be a solid one. We 
further investigate this below using re/-R24- 

In Figure [T3b . we plot the optical bar fraction as a function of the normalized re, 
using i?24 as normalization. At a given luminosity, re/i?24 is a measure of the relative light 
distribution in the bulge and disk, and hence a rough measure of the B/D light ratio. The 
ratio re/R2A is not correlated to Mg (not shown). Figure [T3b is very similar to Figure [T3b. 
also showing a steep increase of the bar fraction towards larger, more extended galaxies. In 
fact, the effect is more pronounced in Figure [TSb. where the optical bar fraction reaches only 
~ 30% for the most compact disks and rises to more than 60% for the most extended disks. 
This shows that the increase in bar fraction is not primarily a luminosity effect, but is related 
to the structure of the disk. Therefore, Figure [T3b can be interpreted as indicating that the 
optical bar fraction is higher in disk- dominated systems. Visual classification, as discussed 
in detail in § 15.41 confirms this interpretation. 

In Figure [T3b. /opt-r is roughly constant at Mg < —19.5 mag (neglecting the brightest 
bin, which is very small) and increases towards the fainter end of the magnitude range, 
reaching almost 60% for the faintest bin. This is consistent with the above interpretation 
of a higher bar fraction in disk-dominated galaxies, since the latter dominate at fainter 
magnitudes. 

In Figure [T3li we plot the optical r-band bar fraction as a function of g — r color. Notice 
the sharp increase in bar fraction as the g — r color gets bluer from 0.55 to 0.30. There are 2 
potential interpretatio ns of this trend. One interpretation is that star- forming galaxies host 



an excess of bars (e.g. iHunt &: Malkanlll999l ) as the star formation is bar-induced. However, 



looking at the (7-band images of our sample galaxies, we do not find that barred late-type 
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disks show more centrally concentrated star formation than unbarred galaxies. Another 
more likely interpretation is that the higher optical bar fraction in late-type, disk-dominated 
galaxies, suggested by Figure [TSb . naturally leads to a higher optical bar fraction for bluer 
colors, because late- type galaxies tend to be bluer and have higher speci fic star formation 
rates (IGavazzi et al.l 1 19981 : iBendo et al.l l2002l : iKoopmann fc Kenneyl 120041 ) . The analysis in 
§ 5.6 and Figure [20] further support this interpretation. 



The fact that the relationship between optical bar f raction and blue colors has not been 
reported in earlier studies (MJ07, lEskridge et al.ll2000l ) is likely due to the fact that their 
samples were dominated by brighter earlier-type galaxies, while ours has a large number of 
late- type disk-dominated galaxies (§|2]). 



5.3. The optical bar fraction as a function of n and /io 

In Figure [TBk . we plot /opt-r as a function of the Sersic index n. The low /opt-r for 
n > 2.5 are likely due to blue spheroids contaminating the color-selected sample of disk 
galaxies (see also Figure [2]). The rise in /opt-r at < 1.5 is consistent with a larger bar 
fraction in disk-dominated systems. 

In order to further investigate the assumption that the bar fraction is related to the 
presence and size of a bulge, we measure the central surface brightnesses (/zq) of the galaxies 
directly on the r-band images. This is an important test as the measurement of /io provides 
a measure of the central light concentration, which is model-independent and not affected 
by the bar itself. In contrast, the half light radius was derived from a Sersic fit, and 
it is possible that parameters, such as or i?24, are affected by the details of the fit or 
the presence of a bar. For instance, bars dominating the light distribution in disks could 
automatically lead to larger re and i?24, because they efficiently disperse the luminosity. This 
would, however, only be the case in galaxies, where the bar is much more luminous than 
the bulge and the underlying disk. We measured fiQ on the same physical size (1 kpc^) for 
all galaxies. In Figure [Ub, we plot the optical bar fraction as a function of Hq. The bar 
fraction is steadily rising for decreasing /iq. This result is similar to the ones for rg and 
Te/Rii- However, the change of the bar fraction with respect to jiQ is less steep, but more 
continuous. This result lends support to the view that bars are more likely to be found in 
disks with relatively small bulges. 
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5.4. Visual classifications of disk-dominated versus early-type galaxies 

In § 15.21 and I5.3[ we interpreted the higher optical bar fraction at larger (Figure [T3k) 
and re/-R24 (Figure [T3b) as meaning that disk-dominated galaxies with very low bulge-to- 
disk [B/D) ratio have a higher optical bar fraction. The most rigorous way to test this claim 
is to perform 3 component bulge+bar+disk decomposition on the 2D light distribution of 
the galaxy, and derive a. B/D. However, this task is beyond the scope of the present paper. 
Instead, we perform a first order test by visually classifying ~ 80% of our sample, which 
includes galaxies with rg in the range 2 to 10 kpc. Our main goal in this visual classification is 
to identify late-type disk-dominated galaxies with no significant bulge, as well as early-type 
galaxies with bulge and disk components, so that we can compare their bar fractions. We 
also classify the sub-group of systems with re < 2 kpc, which we excluded from our sample 
in § 15.21 on the ground that this group is strongly contaminated by pure bulge/spheroidal 
galaxies, such as dwarf spheroidals or dwarf ellipticals. A secondary goal of the visual 
classification is to identify pure bulge systems and verify that they indeed cluster at fe < 2 
kpc. 

Visual inspection does not allow one to classify galaxies in fine grids of B/D ratios, but 
it does allow one to reliably classify galaxies into three broad visual classes (VCs): 
Class 1: pure bulge or spheroid: steady decrease of the surface brightness from the center 

outward, with no obvious break in the surface brightness profile 
Class 2: disk galaxy with bulge 

Class 3: pure disk with no bulge: no bright, distinct, and roughly round central object 

The classification has been performed by all three authors, making sure that each object 
is classified by at least two classifiers. A small fraction of the objects have been classified 
twice to test the robustness of the results. The agreement between classifiers is very good 
(> 80%) and the final result represents an average of all classifications. In Figure [16] we 
show images of 16 representative objects. The galaxies in the first row have been classified 
as pure spheroids (class 1), objects in row two and three are in class 2, and the fourth row 
shows examples of pure disks (class 3). 

The first result of our visual classification is that our sample of 1144 disk galaxies (with 
i < 60°), which was color selected (§ |2]), only has a small contamination of ~ 7% by pure 
spheroids (class 1). Many of these objects in class 1 are relatively blue and faint. These 
objects could be dwarf ellipticals, which experienced a recent episode of star formation and 
whose luminosity is therefore dominated by rather blue stars. It is also interesting to note 
that almost all of these objects have n < 2.5 and would also have been included in our sample 
of disk galaxies if we had used a Sersic cut to select the sample (e.g., see Figure [2]). The 
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main point to note is that the small fraction (~ 7%) of class 1 objects would not have any 
significant impact on our globally-averaged results, such as the global optical bar fraction 
(§ I5.ip . However, the contamination particularly affects the results in the lowest < 2 kpc 
bin as ~ 95% of the class 1 (pure spheroids) objects are very compact and fall in this bin. 
This results in a spheroid contamination of up to 20% for objects with < 2 kpc, which 
makes the bar fraction for this subsample very uncertain. Thus, throughout this paper (§ 
15. 21 onward), we excluded all objects with <2 kpc from the plots and subsequent analysis. 
We estimate that the contamination by spheroids for the remaining sample is < 1%. 

Next, we discuss the galaxies that are visually classified as class 2 (bulge+disk) and 
class 3 (bulgeless) galaxies. In the sample of 886 galaxies with re > 2 kpc, ~ 20% of galaxies 
fall in class 3 (bulgeless), while the remaining fall in class 2. It is remarkable that the optical 
bar fraction of the class 3 (bulgeless) disk galaxies is ~ 87%, compared to ~ 44% for class 
2 (bulge+disk) galaxies. This striking difference supports the basic conclusion of § 15.21 and 
15.31 disk- dominated galaxies with no bulge or a very low B/D display a much higher optical 
bar fraction than galaxies with significant bulges. In fact, it appears that a pure disk is twice 
as likely to be barred than a disk galaxy with a bulge. We note that the higher bar fraction 
found for cl ass 3 objects is a lso c onsistent with th e high b ar fractions in late- type galaxies 



reported by lOdewahnI (Il996l ) and lElmegreen et al.l (l2004al ) based on RC3 visual bar classes 



and RC3 Hubble types. 

Another way to illustrate the results is to look at the difference in disk properties 
between barred and unbarred galaxies. Figure [T7I shows the percentage of class 3 (bulgeless) 
and class 2 (bulge+disk) galaxies among barred galaxies (solid histograms) and unbarred 
galaxies (dashed histogram). The fraction of bulgeless galaxies in much higher (31% vs 
5%) in barred than unbarred systems. Figures [T8h and b show the distributions of re/R2A 
among barred galaxies (solid histograms) and unbarred galaxies (dashed histograms) for 
galaxies brighter than the median luminosity of the sample (a) and for galaxies fainter 
than the median (b). The fraction of galaxies with large re/-R24 ratios is higher in barred 
than unbarred systems, particularly for the fainter subsample. Figures [T8b and d show the 
distributions of bar ellipticities for galaxies in class 3 (solid histograms) and galaxies in class 
2 (dashed histograms), again for the bright and faint subsamples. These figures indicate that 
the bars in bulge-dominated galaxies are generally weaker than in disk-dominated galaxies. 
It seems that the presence of a bulge weakens the bar, in particular in fainter galaxies (panel 
d). However, one has to keep in mind that Cbar has been determined including the bulges 
and that the measured bar ellipticities may be affected by the bulges, in the cases where the 
end of the bar is close to the bulge. 

In summary, the visual classifications have provided two important results. They show 



-17- 



that the contamination from non-disk galaxies is small and confined to the regime re < 2 
kpc. These galaxies do not impact our result as the regime rg < 2 kpc is excluded from all 
analysis in this paper. Secondly, and more importantly, the visual classifications support the 
claim, made in § 15.21 and 15.31 that disk-dominated galaxies with a very low B/D display a 
significantly higher optical bar fraction (60% to 70%) than galaxies with a significant bulge 
(40% to 50%). The associated ramifications are discussed in § [61 



5.5. The bar fraction as a function of mass 

The mass of galaxy disks is one of the fundamental parameters controlling their evolu- 



tion. We use the prescription of iBell et al.l (120031 ) to derive stellar mass-to-light ratios using 
the g — r color: 

log(M/L^) = -0.306 + 1.097(^ - r) 

This mass-to-light ratio is then used to derive the stellar masses of the galaxies using the 
following relation: 

log(M) = log(M/L,.) - 0.4(M^ - Tq) 

where = 4.67 is the absolute r-band magnitude of the Sun. 

The optical bar fraction as a function mass is shown in Figure [13 Over the mass range 
5 X 10^ to 5 X 10^'^ Mq, the optical bar fraction rises for lower masses. This trend is expected 
from our earlier findings (§ 15.21 and 15.31) of a higher optical bar fraction in galaxies, which 
are more disk-dominated, less centrally concentrated, bluer, and fainter. 



5.6. Which disk parameters most strongly influence the optical bar fraction? 

In § 15.21 to 15.51 we showed that the optical bar fraction rises with lower bulge-to-disk 
ratios, as characterized visually (Figure [TT]) and also via r'e/i?24 (Figure [T^): with lower 
central surface brightness (Figure [T5b). and with bluer g — r colors (Figure [T3li). There is 
also a weaker trend with fainter absolute magnitude Mg (Figure [T3b ) and with lower masses 
(Figure [19]). 

Many of these parameters are correlated and the above findings are all consistent with 
the optical bar fraction rising toward late type galaxies (e.g., Sd,Sm). The latter systems 
have no bulge or very low bulge-to-disk ratios, low central mass concentrations, and are on 
average fainter, bluer, and less massive than early-type galaxies. 

Here, we investigate whether the trends in optical fraction with r^jR^/^ hold, even when 
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some of the other properties, such as absolute magnitude Mg, g — r color, Sersic index n, 
and mass, are not allowed to vary significantly. To this effect, we split our sample into 2 
sub-groups according to the median values of Mg (Figure [2Uk). g — r color (Figure [2Ub). 
Sersic index n (Figure I^Ub). and mass (Figure [2Uli). We then plot the optical bar fraction 
as a function of re/R2i in each of the two subgroups, as shown in Figures [20h to [20ld. The 
solid points indicate bins with more than 20 objects, whereas the open points represent bins 
with less than 20 objects. 

The optical bar fraction does not show any systematic variation between the bright and 
faint subsamples at a given re/-R24 (Figure [20k). A similar result is seen with respect to 
mass (Figure [20ld). and color (Figure [20b). This shows that even for samples with a narrow 
range in mass, color, or luminosity, the trend of rising optical fraction with larger r'e/-R24 
(i.e. lower bulge-to-disk ratio) remains strong. 

Figure [20b shows a significant difference in optical bar fraction between the subsamples 
separated by Sersic index n. At a given re/-R24, the optical bar fraction is systematically 
higher, typically by more than 20%, for the subsample with the lower Sersic index n < 1.48 
(Figure UUb). Since the Sersic index n is low in pure disk galaxies, this result supports our 
suggestion that disk-dominated galaxies with a very low B/D display a significantly higher 
optical bar fraction than galaxies with prominent bulges. The potential implications of such 
a relation on bar formation and disk stability are discussed in § [6] 



Discussion 



6.1. Implication for bulge formation models 



Hierarchical A cold dark matt er (CDM) models (e.g.. [Somerville fc Primack|[l999[ : [Cole et al 



2000[ : [Steinmetz fc Navarro! |2002|) provide a good description of how DM behaves on large 
scales. By modeling the baryonic component and feedback processes, predictions can be 
made regarding the disk, bulge, and bar components of galaxies. In such models, gas with 
low angular mor nentum settles in the central parts of CDM halos to form small and dense 



protodisks (e.g., [White fc Reed [l978[ : [D'Onghia &: Burkert[ [2004[ ). Subsequent mergers of 



these ce ntral stellar disks lead to classical spheroidal bulge s with a de Vaucouleurs r^/'' pro 
file 



(e.g. 



Steinmetz fc Navarrd [2002[ : [Taylor fc Babul[ [2003[ ) . It is also conceivable that the 
bulge does not form in a single event, but is assembled by star forming clum ps, which origi 



nate in a prqto-dis k and coalesce in the center of the disk and form a bulge (lNoguchi[[l999 



Immeli et al.|[2004j ). This possibility has g ained support by the ob servation of disk galaxies 
with prominent clumps at high redshift (lElmegreen et al.l [2004b[ ). The later accretion of 
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high angular momentum gas around this bulge invariably produces a spiral galaxy with a 
classical bulge and an extended disk. In major mergers of spirals, violent relaxation destroys 
the disks to produce an elliptical galaxy, while minor mergers with mass ratios above 1:4 
typically spare the disk. 

While observations support many aspects of hierarchical ACDM models, the latter face 
several challenges. In particular, many cosmological simulations with a m erger history inclu- 
sive of major mergers fail to p roduce galaxies without classical bulges (e.g.. lBurkert fc D'Onghia 
2004 : iD'Onghia et al.l |2006| ) , whil e high resolution simulations of assembling disks with 
feedback from stellar energy (e.g., iHeller et al.l 120071 ) seem to reproduce a range of bulge- 
dominated to bulgeless disks. In this context, our study finds that in the range —18.5 < 
Mg < -22.0 mag and redshift 0.01 < z < 0.03, ~ 20% of the 900 disk galaxies that are vi- 
sually classified appear to be "quasi-bulgeless" , without a classical bulge. A s imilar fraction 



of 15% for bulgeless galaxies was reported in the study of inclined disks by iKautsch et al. 



Another aspect of bulge formation not usually addressed by hierarchical models is the 
formation of disky bulges with high v/cr (or 'pseudobulges'). There are significant differ- 
ences between classical bulges and disky bulges. While classical bulges form by gravita- 
tional collapse or hierarchical merging, disky bulges are believed to form through gas in- 
flows triggered by bars or any other non-axisymmetric feature in the gravitational potentia l 
jKormendvl Il993l : iKormendv fc KennicuttI bood : Ijogee et all bood : lOebattista et al.lbooeh . 
Classical bulges are typically an order of magnitude more massive than disky ones, therefore 
they are also brighter and larger. Furthermore, studies of the stellar populati ons of classical 



bulge s indicate that their stars have been formed very quickly and long ago (jPeletier et al. 



19991 ). Our results show that more bars are present in late- type disks where typically disky 
'pseudobulges' he, a fact consistent with a bar-driven origin for 'pseudobulges'. 



6.2. Implications for disk stability and bar formation scenarios 



One of the main results of our study is that the optical bar fraction rises from ~ 45% 
in early-type galaxies to a significantly higher value (> 70% ) in late-type galaxies, which 
appear quasi-bulgeless, and seem to have a low bulge to disk {B / D) ratio, as measured by 
re/-R24, and confirmed by visual inspection. The optical bar fraction shows a similar but 
shallower trei id with m a ss, ris ing in low mass galaxies (Figure [T9l) . Our conclusion is also 
supported by lOdewahnI (jl996l ). who finds that the frequency of bars roughly doubles from 
Sc to Sm galaxies, using the RC3 bar classifications and Hubble types. 
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In this section, we discuss how our findings can be interpreted in the context of bar 
formation scenarios. As one moves from early /intermediate type galaxies (e.g., Sa to Sc) to 
late- type (e.g., Sd, Sm) systems, several important properties change: the gas mass fraction 
in the disk rises, the B/D ratio falls, and the total mass falls. In additi on, it is also found 



that the dark matt er (DM) fraction rises in lower luminosity sv stems fe.g. iPersic et al.lll996 



Kassin et al.ll2006l ). but the scatter in such relations is large (IKassin et al.ll2006l ). How do 
these changes along the Hubble sequence impact the susceptibility of a disk to form bars 
and the subsequent bar evolution? 

The higher gas mass fraction pre sent in late-typ e disks makes the disk dynamically cold 
and lowers the Toomre Q parameter (jToomrdll964j ). defined as 



Q 



K a 



G Sdisk 



where Sdisk is the disk mass surface density, a is the gas velocity dispersion, and k is the 
epicyclic frequency. A low Q (e.g., < 2 to 3) favors the on set of bar instabilities and allows 
strong amplification in the context of the swing amplifier (IBinney fc Tremaind 119871 ). 



It has been proposed that the swing amplifier (jjulian fc Toomrd Il966l : iToomrd Il981 



Binney &: Tremaind 119871 ) model may be relevant for bar formation. In such a scenario, 
a bar forms via a resonant cavity of swing amplifying spiral density waves that refiect off 
the center and the corotation radius. One way to suppress bar formation in this model is 
to introduce an inner Lindblad resonance (ILR), which abso r bs th e spiral density waves, 
thereby killing the feedback loop. In fact, ISellwood &: Evand (120011 ) find that a disk with 
a sharp central density is completely stable to bar formation. In the context of the swing 
amplifier, a late-type galaxy with a low B/D ratio would have a shallow rotation curve, and 
may not harbor an ILR, thus favoring bar formation. 

The DM halo can h ave a large impact on the growth of a bar. The early work of 
Ostriker fc Peeblea (119731 ) suggested that the presence of a dynamically important unre- 
sponsive DM halo can suppress the bar instability in a disk galaxy. However, the evolution 
of a bar is a highly non-linear process, which depends on the exchange of angular momentum 
with the outer disk and the DM halo via resonances (e.g., Weinberg 1985; Athanassoula 2002, 
2003; Debattista & Sellwood 1998, 2000; Berentzen, Shlosman, & Jogee 2006; Berentzen, 
Shlosman, & Martinez- Valpuesta 2007). Work with live halos has showed that there is res- 
onant transfer of angular momentum between the bar, the DM halo, and the outer disk 
(e.g., Debattista & Sellwood 1998, 2000; Athanassoula 2002; 2003): the angular momentum 
absorbed by the DM h alo makes an existiii g bar grow and slow down. In fact, in the simula- 
tions with live halos of lAthanassoulal (120021 ). a strong bar grows even in disks whose DM halo 
mass within the optical radius exceeds that of the disk mass. It should also be noted that 
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even if the dark matter only becomes important outside the bar radius, it can still interact 
with outer resonances in the bar potential, causing the bar to grow. Thus, it appears that 
the larger dark matter fraction in late-type disks would favor the growth of a bar, if one 
already exists. It still remains unclear, however, whether a massive DM halo would promote 
the formation of a bar in the case of an unbarred disk. Furthermor e, the shape of the DM 



halo (triaxial or axisymmetric) also has an important impact fe.g.. iBerentzen et al 



2007 ). We also note th at cosmological simulations of galactic disks (e.g., iGovernato et al. 



2006, 



a 



20071 : iHeller et al.l 120071 ) show extensive bar-forming activity, but there has not been any 
specific prediction of how the bar fraction would vary as a function of Hubble type. 

It is also important to consider whether our results could be explained in terms of 

the evolution and destruction of bars rather than their initial formation. Most simulations 

jShen fc Sellwoodl[2004 : lAthanassoula et al.ll2005uMartinez-Valpuesta et al I boOfil : iDebattista et al 
2006h indicate that present-day bars are relatively robust against the type of central mass 
concentrations (CMCs) and B/D that exist in present-day gala xies today or in the recent 
past (see also the disc u ssion in § 16.31) . Specifically, as outlined in lAthanassoula et al.l (120051 ) 
and IShen fc SellwoodI (l2004l ). the super-massive black holes (SMBHs), central, dense stel- 
lar clusters, gaseous concentrations, and inner parts of bulges, which exist in present-day 
galaxies, fail significantly to generate the required CMCs for bar destruction. This does 
not exclude, however, the possibility that at very early epochs (e.g., z > 1.5) when disks 
were still assembling, the different prevailing physical conditions (e.g., large CMCs and gas 
infiows) might destroy bars (e.g., Bournaud et al. 2005, but see Debattista et al 2006; 
Heller, Shlo sman, &: Athana s soula 2007). Lenses, which ar e preferentially found in early- 



type disks (IKormendyl 1 19791 : iKormendy fc KennicuttI |200J) , are sometimes interpreted as 
dissolving bars. Within this framework, our results of a higher optical bar fraction of bars in 
quasi-bulgeless, late-type galaxies may reflect the fact that bars in early-type galaxies were 
destroyed more frequently during their earlier assembly. We note that in our study, the bar 
maximum ellipticity is on average higher in faint quasi-bulgeless galaxies than in galaxies 
with bulges (Figure ITSld). 



6.3. Implication for the evolution of bars over the last 8 Gyr in bright galaxies 



The evolution of the optical bar fraction with redshift is a subject of active study. Early 
small studies reported that the optical fraction of bars shows a striking decline at z >~ 0.5 
^Abraham et al.lll999h. and undergoes a dramatic order of magnitude decline from ~ 29% 
to below 1% (Ivan den Bergh et al.ll2000l ). 



Subsequent studies (jJogee et al.ll2004j : lElmegreen et al.ll2004al : ISheth et al.ll2003l : IZheng et al. 
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20051 ) ruled out a dramatic order of magnitude decline, and reported a fairly constant optical 
fraction of strong bars or prominent bars (~ 23% to 30%) over z = 0.2 to 1.0 (look-back 
times of 3 to 8 Gyr). The results of such studies allowed, within the error bars, for modest 
factors of ~ 2 variation in th e optical fra c tion o f strong bars or of all bars. For example, for 
bright (My < —19.3) disks, IJogee et al.l (12004 ) find a rest-frame optical fraction of strong 
(cbar > 0.4) bars of ~ 36% ± 6% at z ^ 0.2-0.7, and ~ 24% ± 4% at ^ ~ 0.7-1.0, allowing 
a range of 42% to 20% for the optical fraction of strong bars, and yielding an av erage values 
of ~ 30%. A similar result was found for the completeness cut of My < —20.6 (jjogee et al. 



20041 ). However, not much weight was given to a possible factor of ~ 2 variation due to 
the small number statistics and due to redshift-dependent systematic effects that may cause 
an artificial loss of optical bars in the higher redshift bins. These include the increasing 
obscuration by dust and star formation, with the average star formation rate increasing by 
a factor of ~ 4 over z ~ 0.2 to 0.8 (Jogee et al. 2007), the degradation of the PSF (0'.'09) 
from 300 to 680 pc, and the surface brightness dimming by a factor of 5 from z ~ 0.2 to 0.8. 



Recent studies using Cosmos data (ISheth et al.ll2007l ) with a significantly larger sample 
of bright (massive (M > 10^^ Mq) galaxies report a moderate decline by a factor of 2 or 3 
in the optical fraction of strong bars (from 30% — 35% at 2; ~ 0.2 to 9% — 17% at ^ ~ 0.8). 
They also report a decline in the optical fraction of (strong+weak) bars from ~ 60% at 
z ~ to ~ 22% — 31% at z ~ 0.8. If this decline is not caused by the afore mentioned 
redshift-dependent systematic effects, it implies that the frequency of both strong and weak 
bars is lower at earlier times. 



We can compare our globally-averaged optical bar fraction at 2 ~ (§ 15.11) to the 
results at intermediate redshifts, but it is critical to note two things. Firstly, these studies 
are carried out in the rest-frame optical band and therefore should be compared to the 
optical bar fraction at 2; ~ 0. Secondly, comparisons should be made for galaxies of the same 
luminosity or/and mass range. 



We first compare the SDSS results with the study by I Jogee et al.l ( 120041 ) on strong bars, 
where they find a rest-frame optical fraction of strong (cbar > 0.4) bars of ~ 36% ± 6% at 
z ~ 0.2 — 0.7, and ~ 24% ± 4% at z ~ 0.7 — 1.0. If we restrict our sample to galaxies with 
Mg < —19.3 mag and only consider bars that are strong (ellipticity > 0.4) and large enough 
(semi-major axis > 1.5 kpc) to be characterized via ellipse-fitting out to 2; ~ 0.8, we get 
an optical r-band fraction for strong bars of ~ 34%. (For Mg < —20.6, a value of 31% is 
obtained, but number statistics are low and based on only 54 galaxies). The value of 34% 
is only slightly higher, by a factor of 1.4, compared to the v alue of ~ 24% ± 4% seen in the 
higher redshift bin {z ~ 0.7 — 1.0) of the IJogee et al.l (120041 ) study. Thus, we find that once 
the loss of bars due to poor resolution is taken into account, the data are consistent with the 
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optical fraction of strongly barred galaxies suffering at most a decline by a factor of ~ 1.4 
out to z ~ 1. In fact, as discussed in MJ07, if one assumes a further modest loss of optical 
bars due to increasing obscuration, the data may even allow for a rise in the total fraction 
of strong bars out to ^ ~ 1. 



The study by ISheth et al.l (120071 ) focuses on massive and bright galaxies, with masses 
in the range 1 x 10^° to 1 x 10^^ Mq, and My in the range -21.2 to -23.7 mag. The SDSS 
sample of 2000 disk galaxies over z = 0.01 to 0.03 has very few such bright galaxies (Figures 
IS] and [T^). and thus a comparison over the same luminosity range is not possible. However, 
we can compar e the optical bar fr action over the mass range 1 x 10^° to 3 x 10^° Mq, where 
the SDSS and ISheth et al.l (120071 ) data overlap. The SDSS-based optical bar fraction over 
this mass range is ~ 47% over z ~ 0.01 t o 0.03. This i s simi lar to the value of ~ 60% in the 
first redshift bin {z ~ 0.17 to 0.37) of the lSheth et al.l (l2007l ) study. If we consider only bars 



that are large enough (semi-major axis > 1.5 kpc) to be reliably characterized via ellipse- 
fitting out to 2 ~ 0.8, the SDSS-based optical bar fraction falls from ~ 47% to ~ 39%. For 
comparison, the optical bar fraction is ~ 25% in the last bin {z ~ 0.60 to 0.84). Thus, once 
the loss of bars due to poor resolution is taken into account, the observed value of ~ 25% is 
consistent with the optical bar fraction declining by at most a factor of (39%/25%) or ~ 1.6 
over this mass range. 



7. Summary and conclusions 

We have used the r-band images from the NYU-VAGC of a sample of 3692 galaxies 
with —18.5 < Mg < —22.0 mag and redshift 0.01 < z < 0.03 to find and characterize bars. 
While most studies of bars in the local Universe have been based on relatively small samples 
that are dominated by bright early type (Sa to Sc) galaxies with bulges, the present sample 
also includes many galaxies that are disk-dominated and of late Hubble types. Furthermore, 
the sample is ~ 10 times larger and samples a larger volume than earlier local samples We 
used a color cut in the color-magnitude diagram to select ~ 2000 disk galaxies. We cross- 
check that Sersic cuts would yield a similar sample. We identify and characterize bars and 
disks using r-band images and a method based on eUipse fits and quantitative criteria. The 
typical seeing (1'.'4 or 290 to 840 pc over 0.01 < z < 0.03) is adequate for resolving large-scale 
bars, whose typical diameters are > 2 kpc. Smaller nuclear bars are not the focus of this 
study. After the standard procedure of excluding highly inclined (> 60°) systems, we find 
the following results. 

1. The average optical r-band bar fraction (/opt-r) in our sample, which primarily consists 
of late-type disk-dominated galaxies, is ~ 48% — 52%. The bars have diameters d of 
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2 to 24 kpc, with most (~ 72%) having d ~ 2 to 6 kpc (Figure [TTk). The bar length 
is typically much smaller than i?24 (Figure [T2k) and most galaxies have 
the range 0.2 to 0.4 (Figure [Ht). 

2. When galaxies are separated according to normalized r^jR^A^ which is a measure of 
the bulge-to-disk {B / D) ratio, a remarkable result is seen: the optical r-band fraction 
rises sharply, from ~ 40% in galaxies that have small re/-R24 and visually appear 
bulge-dominated, to ~ 70% for galaxies that have large re/R2i- Visual classification of 
~ 80% of our sample (with i < 60°) confirms our result that late-type disk- dominated 
galaxies with no bulge or a very low B/D display a significantly higher optical bar 
fraction (> 70% vs 40%) than galaxies with prominent bulges. It also shows that 
barred galaxies host a larger fraction (31% vs 5%) of quasi-bulgeless disk-dominated 
galaxies than do unbarred galaxies. The bar ellipticities or strengths are on average 
higher in faint disk-dominated galaxies than in bulge-dominated galaxies (Figure fTSH). 

3. Similar trends in the optical bar fraction are found using the central surface brightness 
and color. Bluer galaxies have higher bar fractions (~ 58% at g — r = 0.3) than the 
redder objects (~ 32% a.t g — r = 0.65) (Figure [T3li). The optical r-band fraction also 
shows a slight rise for galaxies with fainter luminosities (Figure [T5b ) and lower masses 
(Figure dn]). This is expected from (2), given that late-type galaxies are fainter, bluer, 
and less massive. 

4. The significant rise in the optical bar fraction toward disk-dominated galaxies is dis- 
cussed in terms of their higher gas mass fraction, higher dark matter fraction, and 
lower bulge-to-disk ratio. 

5. While many hierarchical ACDM models of galaxy evolution models fail to produce 
galaxies without classical bulges, our study finds that in the range —18.5 < Mg < —22.0 
mag and redshift 0.01 < z < 0.03, ~ 20% of the 1144 moderately inclined disk galaxies 
appear to be "quasi-bulgeless" , without a classical bulge. 

6. Our study of bars at 2; ~ in the optical r band provides a reference z ~ baseline for 
intermediate redshift HST ACS surveys that trace bars in bright disks in the rest-frame 
optical bands (BVRI) out to 2; ~ 1. By applying the same cutoffs in magnitude, bar 
ellipticity (cbar > 0.4), and bar size (obar > 1-5 kpc), which are applied in 2; ~ 0.2 — 1.0 
studies in order to trace strong bars with adequate spatial resolution in bright disks, 
we obtain an optical r-band fraction for strong bars of 34%. This is comparable to the 
values of ~ 30% at z ~ 0.2 - 1.0, ~ 36% ± 6% at z ~ 0.2 - 0.7, and ~ 24% ± 4% 
at z ~ 0.7 — 1.0. Our result implies that the optical fraction of strong bars in bright 
galaxies does not suffer any dramatic order of magnitude decline out to 2; ~ 1. 
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Table 1. Basic properties of the subsamples, resulting from the classification of the 1860 

color selected galaxies 





Barred 


Unbarred 


Too Inclined 

i > 60° 


No Class 


Number 


553 


591 


648 


68 


Percentage 


29.7% 


31.8% 


34.8% 


3.6% 


{Mg) [mag] 


-19.23 


-19.27 


-19.12 


-19.50 


{g - r) [mag] 


0.48 


0.49 


0.51 


0.49 




0.025 


0.026 


0.025 


0.025 


(re//) [kpc] 


4.13 


3.12 


4.63 


4.62 


{n) 


1.40 


1.52 


1.18 


1.43 
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Fig. 1. — The color- magnitude diagram of our initial sample of 3692 galaxies. Th e solid line 
corresponds to f/ - \/ = 1.15 - 0.31z- 0.08(My - 5 log(/i) +20) Jsell et al.ll2nn4ah . The blue 
galaxies lying below this line (1961 objects) are included in our sample of local disk galaxies. 
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Fig. 2. — Comparison of the subsamples based on Sersic and color cuts. The g — r color 
is plotted versus the Sersic index n. In the subsample based on a color cut, the galaxies 
represented by blue dots are selected, while the red dots are excluded. The subsample based 
on a Sersic cut n < 2.5 lie below the dashed line. Blue galaxies below the line belong to 
both subsamples. Notice the strong overlap between the two subsamples. 
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Fig. 3. — The distribution of absolute magnitudes is shown for our subsamples of disk 
galaxies based on Sersic and color cuts, and, as comparison, for the OSUBSGS disk sample. 
For the latter we show My, which is given on the upper axis. The strong dominance of 
fainter galaxies in the SDSS samples is evident. 
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Fig. 4. — Above is an example of an inclined {i > 60°) galaxy, which is identified from the 
overlays and radial profiles generated by the ellipse fits. Left panel: The top image shows 
only the galaxy, while the middle and bottom images show the ellipses overlaid on the galaxy, 
with greyscale stretches chosen to emphasize the inner (middle image) and outer (bottom 
image) regions of the galaxy. The images are roughly 100" on a side. Right panel: The radial 
profiles of surface brightness (top), ellipticity e (middle), and PA (bottom) are shown. In 
the outer parts of the galaxy, the PA is fiat and the ellipticity is fairly constant at e > 0.5, 
indicating that the galaxy has a large inclination i > 60°. 
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Fig. 5. — a) The absolute magnitude distributions of galaxies with i > 60° (solid line) 
compared to the ones with i < 60° (dashed line), b) The corresponding color distribution, 
showing the stronger effect of dust extinction in more inclined disks. 



- 38 - 



la ' 1 r 




Fig. 6. — The same as Figure HI but for a galaxy classified as barred from the ellipse fits. 
The images on the left are roughly 50" on a side. Over the bar region, e rises smoothly to 
a global maximum of ~ 0.7, while the PA remains ~ constant. After the bar end, as we 
transition to the more circular disk, the ellipticity drops sharply at ~ 8" and the PA changes 
significantly at this point. 
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Fig. 7. — The same as Figure HI but for a galaxy classified as unbarred. The images on the 
left are roughly 100" on a side. Here, no bar signature is evident. Instead the ellipticity 
profile oscillates and the PA twists due to the spiral structure in the disk. 
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Fig. 8. — The horizontal Une corresponds to the minimum bar diameter (2 kpc) of large-scale 
bars. The 5 diagonal lines show the smallest measurable bar diameter dj^i^ as a function of 
redshift, for different values of the angle 9 between the bar PA and the galaxy's lines of nodes, 
and for different inclinations i. When computing dmin, we assume that a bar is detectable 
only if its diameter can encompass at least 2.5 times the PSF (l'/4) of the images. The 2 solid 
lines show the detection hmit for the worst case scenario of ^ = 90°, and two inchnations 
{i — 40° and 60°). The 2 dashed hnes show the detection hmit for a more moderate 9 — 30°. 
The dotted hnes shows the detection limit for the face-on case, where independent of 9, bars 
with diameters > 2 kpc are detectable out to 2; = 0.03. 
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Fig. 9. — The distribution of the bar diameters in three different redshift bins and for the 
total sample (the bin sizes have been chosen in order to obtain roughly the same number 
of objects in each bin). The vertical lines indicate the lower limit of 2 kpc for diameters of 
large-scale bars. The distributions are very similar, in particular we do not miss small bars 
at higher redshifts. 
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Fig. 10. — a) The disk ellipticities (eaisk) of the barred (sohd hne) and unbarred (dashed 
hne) subsamples. As edisk varies from 0.0 to 0.5, the total number of barred objects decreases 
only slightly at edisk ^ 0.3. This fall can be attributed to projection effects caused by the 
inclination of the disk and our criterion (1) for bar detection (see text for details), b) Plot of 
the disk ellipticity versus bar ellipticity (cbar) for galaxies classified as barred. The vertical 
line at ejisk of 0.5 reflects the fact that all highly inclined {i > 60°) disks were excluded 
from the sample in order to ensure reliable morphological analyzes. The diagonal solid line 
is deflned by ejisk = Cbar- All detected bars lie to the left of this line, reflecting the criterion 
(1) that the bar ellipticity Cbar must be a global maximum. We note that maximum Cbar 
is similar at different edisk, indicating that the detection of strong bars is not biased to the 
more inclined disks. 
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Fig. 11. — a) The distribution of bar semi-major axis lengths. We find very few bars with 
sizes > 5 kpc. b) Plot showing absolute ^f-band magnitude versus bar semi-major axis, c) 
The distribution of bar ellipticities. Most bars have eUipticities in the range 0.3 to 0.7. d) 
Absolute gi-band magnitude versus bar ellipticity showing no obvious relation. 
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Fig. 12. — a) Plot of the bar semi-major axis versus i?24- The sohd hne indicates x — y. 
There is no clear correlation between these two parameters, but the bar typically ends inside 
R24- b) Absolute g^-band magnitude versus the ratio a^ar /-R24- Most galaxies have ratios in 
the range 0.2 to 0.4 (median 0.32). 
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Fig. 13. — The optical r-band bar fraction (/opt-r) as a function of different galaxy prop- 
erties. In all panels the numbers next to the points indicate the number of galaxies in the 
corresponding bins. The dashed lines indicate the total optical bar fraction (52%). We 
only show bins with more than 10 objects, a) The optical bar fraction as a function of 
half light radius Vc'. /opt-r rises sharply, from ~ 40% in galaxies that have small and 
visually appear bulge-dominated, to ~ 60% for galaxies that have large (> 4 kpc) and 
appear disk-dominated, b) The optical bar fraction as a function of normalized re/i?24- The 
smallest (or most compact) galaxies have a bar fraction of ~ 30%, whereas the largest (most 
extended) galaxies reach a value of ~ 70%. c) The optical bar fraction as a function of 
absolute g-hand magnitude: /opt-r is roughly constant at Mg < —19.5 mag (neglecting the 
brightest bin, which is very small) and increases towards the fainter end of the magnitude 
range, reaching almost 60% for the faintest bin. d) The optical bar fraction as a function of 
g — r color: Notice the sharp increase in bar fraction toward bluer colors. 
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Fig. 14. — Two plots showing the absolute bar size {abar) versus re for two redshift bins 
(panel a: 0.01 < z < 0.025, panel b: 0.025 < z < 0.03). The two distributions are very 
similar and indicate that the bars in galaxies with small cover the whole range of bar sizes. 




Fig. 15. — a) The optical bar fraction as a function of n: the low /opt-r for ^ > 2.5 are 
likely due to blue spheroids contaminating the color-selected sample of disk galaxies. The 
rise in /opt-r at n < 1.5 is consistent with a larger bar fraction in disk-dominated systems, 
b) The optical bar fraction as a function of fiQ. The numbers in the plot and the dashed line 
have the same meaning as in Figure [131 The increase of the bar fraction is not as steep as 
in the plot of re and re/-R24, but changes more continuously. 
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Fig. 16. — Three band {g, r, i) color images from the SDSS archive for 16 objects from the 
test sample. The first row shows examples of objects, which have been classified as pure 
spheroids (class 1), row two and three show examples of objects with disk+bulge (class 2), 
and row four are pure disks (class 3). The first seven images (from top and left to right) 
have a size of 25" x 25" and the remaining nine have 50" x 50". 
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Fig. 17. — The histograms show the percentage of class 3 (bulgeless) and class 2 (bulge+disk) 
galaxies among barred galaxies (solid histogram) and unbarred galaxies (dashed histogram). 
The fraction of bulgeless galaxies in much higher (31% vs 5%) in barred than unbarred 
systems. 
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Fig. 18. — a) and b) The distribution of Vf,/ R2A among barred galaxies (solid histogram) and 
unbarred galaxies (dashed histogram) for the brighter galaxies (a) and the fainter galaxies 
(b). The fraction of galaxies with large rc/-R24 ratios is higher in barred than unbarred 
systems, particularly among the fainter galaxies, c) and d) The distribution of Cbar among 
galaxies in class 3 (Bulgeless; solid histogram) and galaxies in class 2 (Bulge+Disk; dashed 
histogram) for the brighter galaxies (c) and the fainter galaxies (d). The ebax distributions 
in panel (d) indicate that bar ellipticities or strengths are on average higher in faint disk- 
dominated galaxies than in bulge-dominated galaxies. 
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Fig. 19. — The optical r-band bar fraction as a function of g alaxy mass . The masses have 
been determined using the g — r color and the prescription of iBell et al.l (120031 ) . 
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Fig. 20. — The optical bar fraction as a function of rc/R24 for different subsamples defined 
according to tlie median values of basic galaxy properties. The split locations are indicated 
in the four panels. The solid points denote bins with more than 20 objects, whereas the open 
points represent bins with less than 20 objects. The dashed hues indicate the total optical 
bar fraction (52%). The sample has been split based on (a) absolute g'-band magnitude; (b) 
g — r color; (c) Sersic index n; (d) galaxy mass. 



